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It is generally assumed that sexual phenotypes formed in utero are permanently established and do not
require maintenance. In this issue of Developmental Cell, Minkina et al. (2014) now show that the transcrip-
tional regulator DMRT1 actively prevents postnatal male-to-female sex reversal by blocking the activation of
retinoid-signaling-dependent feminization genes.Our knowledge of sex determination has
come a long way since the days of Aristo-
tle, who posited that sex was determined
by the body temperature of the male part-
ner during intercourse. The discovery of
sex chromosomes and the Y chromo-
some sex-determining gene SRY finally
revealed, after centuries of research,
that sex determination in humans is
genetically rather than environmentally
driven. During the course of studying
mammalian sex determination, one cen-
tral assumption arose: after the fetal
choice between male and female is
made, males always remain as males
and females always remain as females.
However, quirks in vertebrate evolution
have provided hints that this may not
necessarily be the case. In many fish spe-
cies, for example, sexual phenotype is
very labile, and environmental or social
disruptions can cause adults to rapidly
switch their gonadal and sexual pheno-
types. These observations indicate that
there are mechanisms actively maintain-
ing maleness and femaleness in mam-
mals throughout life. Previous work on
the Dmrt1 gene, which is critical for main-
taining testicular identity (Matson et al.,
2011), helped form the concept that adult
‘‘sex maintenance’’ is equally essential for
fertility as fetal sex determination. In this
issue of Developmental Cell, Minkina
et al. (2014) now add key mechanistic
insight to this idea, showing that DMRT1
silences target genes of the retinoic acid
(RA) signaling pathway to prevent reprog-
ramming of the testis into an ovary.
Contrary to long-held views, recent
studies revealed that the mammalian
gonad exhibits an appreciable degree
of plasticity. Estrogen-receptor mutant
and germ-cell-depleted ovaries, as well
as other mouse genetic models, show
a remarkable postnatal transformationof granulosa cells (the somatic support
cells for oocytes) into cells reminiscent
of Sertoli cells, their male counterparts
(Couse et al., 1999; Guigon et al., 2005).
Conversely, testes mutant for Dmrt1
show a conversion of Sertoli cells into
granulosa-like cells (Matson et al., 2011).
This direct reprogramming of one cell
type into another has been termed
‘‘transdifferentiation.’’ Two transcription
factors, DMRT1 and FOXL2, underlie a
genetic regulatory network of sex mainte-
nance that prevents transdifferentiation.
DMRT1 and FOXL2, which maintain
male and female identity, respectively,
antagonize one another; in addition, in
the absence of their sex-specific factors,
granulosa or Sertoli cells directly trans-
differentiate into the cell type of the oppo-
site sex (Matson et al., 2011; Uhlenhaut
et al., 2009).
The transdifferentiation phenomenon
revealed a new perspective on what de-
fines sex, but the mechanism underlying
adult sex reversal remained unknown.
Zarkower and colleagues (Minkina et al.,
2014) now show that RA signaling is
a major culprit. While RA is required for
spermatogenesis in the testis, the authors
demonstrate that in the absence of
DMRT1, retinoid signaling activates fe-
male-specific genes that elicit a male-to-
female transformation within neighboring
Sertoli cells (Figure 1). By acting as a
transcriptional regulator that silences
these feminizing genes (such as Foxl2),
DMRT1 permits spermatogenesis-pro-
moting RA signaling to take place by in-
hibiting unwanted RA-dependent cellular
reprogramming.
Interestingly, the authors also observed
that themechanisms underlying postnatal
transdifferentiation are very similar to
those used tomake the initial male-female
choice in utero. Deleting Ctnnb1 (encod-Developmental Ceing b-catenin), which promotes female-
ness in fetal stages (Maatouk et al.,
2008), suppressed male-to-female trans-
differentiation, whereas deleting Sox9,
a central male sex determination gene
(Chaboissier et al., 2004), enhanced
transdifferentiation. Key roles for these
genes in Dmrt1-mediated postnatal sex
reversal suggest that the transdifferen-
tiation phenomenon is mechanistically
akin to fetal sex determination.
In an intriguing twist, this report shows
that RA, while required for progression
of spermatogenesis, is necessary and
sufficient for Sertoli cell transdifferentia-
tion in the absence of Dmrt1 function.
Increasing RA levels via postnatal injec-
tion of a RA precursor enhanced male-
to-female transdifferentiation, whereas
blocking RA signaling via dietary vitamin
A depletion or an RA synthesis inhibitor
dramatically suppressed feminization
in Dmrt1 mutant testes. RA-dependent
reprogramming operated through the
RARa receptor and was not dependent
on the presence of germ cells. Further-
more, RA levels were unaffected in Dmrt1
mutants, as an RA-responsive gene and
reporter transgene were both similarly
activated in spermatogonia of Dmrt1
mutant and control juvenile testes.
Finally, the authors determined that
RA signaling acted upstream of feminiz-
ing genes, because vitamin A depletion
in Dmrt1 mutants reduced expression
of multiple feminizing genes, including
Foxl2. Previous chromatin immunopre-
cipitation results that showed binding
of DMRT1 to DNA elements near many
feminizing genes, such as Foxl2, are con-
sistent with this idea (Matson et al., 2011).
Therefore, the authors concluded that
DMRT1 specifically silences RA-depen-
dent target genes that are feminizing and
harmful to male fate while allowing otherll 29, June 9, 2014 ª2014 Elsevier Inc. 503
Figure 1. DMRT1 Silences RA-Dependent Feminization Genes to
Ensure Postnatal Sex Maintenance
During fetal sex determination (1), the bipotential gonad makes a choice be-
tweenmale (blue) and female (pink), largely guided by the presence or absence
of Sry. The sexual differentiation machinery downstream of sex determination
transforms the undifferentiated gonad into a mature testis or ovary (2), mani-
fested in the formation of Sertoli-cell-containing seminiferous tubules in the
male and granulosa-cell-containing ovarian follicles in the female. Postnatal
sex maintenance within Sertoli cells (3) is achieved via the silencing of RA-
signaling-dependent feminization genes (such as Foxl2) by the transcriptional
regulator DMRT1. RA is thereby allowed to act in adjacent spermatogonia to
promote spermatogenesis within the seminiferous tubule. In Dmrt1 mutant
Sertoli cells, however, RA acting through RARa activates feminizing genes
and reprograms the Sertoli cell into a granulosa-like cell through the process
of transdifferentiation.
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mote spermatogenesis and
Sertoli cell function.
This work advances a new
concept in sex biology: ‘‘sex
maintenance.’’ However, it
also promptsmany questions
and raises interesting possi-
bilities for future work in the
field. Why is sexual pheno-
type teetering on a knife’s
edge? That is, why would
a normally beneficial signal
that is required for spermato-
genesis and Sertoli cell func-
tion, such as RA, also activate
feminizing genes that would
render the male sterile? Is
the sex transdifferentiation
phenomenon described here
conserved among verte-
brates? This may be the
case, as Dmrt1 is specifically
expressed in various verte-
brate male gonads, and
Dmrt1 mutant medaka fish
also show male-to-female
sex reversal (Masuyama
et al., 2012). Because RA is
such a widespread signaling
molecule present in many tis-
sues, do other cell types
require insulation from trans-
differentiation like in the
gonad? If this is the case,different transcriptional regulators would
presumably play DMRT1’s role, as
DMRT1 itself isonlyexpressed in thegonad
(Raymond et al., 1999). Finally, are Sertoli
and granulosa cells unique in their ability
to directly transform into one another
in vivo? Given that they arise from the
sameprogenitor cell in the gonad (Albrecht504 Developmental Cell 29, June 9, 2014 ª20andEicher, 2001), it ispossible that theyare
more similar thanmost other cells and thus
have a lower threshold to overcome re-
programming. But are they truly less dispa-
rate than, for instance, different islet cells in
the pancreas or different neuronal cell
types in the brain? This fascinating work
by Minkina et al. (2014) gives us much to14 Elsevier Inc.think about in terms of how
we understand not only sex
but also cellular identity in
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